INTRODUCTION
Actin is found in all eukaryotes and plays a fundamental role in many diverse and dynamic cellular processes. Despite being so ubiquitous, actin isoforms exhibit an unusually high degree of amino acid sequence similarity. This poses the question of how actin can fulfil such diverse functions in different organisms, yet retain such a high degree of sequence conservation? In this Review we examine the impact molecular genetics has made on our understanding of the relationship between actin amino acid sequence and function. We refer the reader to other reviews for more details of actin structure, biochemistry and cell biology than space allows us to include [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Actin is a globular protein (G-actin) which polymerizes into filaments (F-actin) [6] for most of its biological functions [7] . F-actin is a major component of the cytoskeleton [3] . The control of F-actin assembly and turnover is important for many cellular processes such as motility, morphological changes, cell division and intracellular movements. Many proteins control actin polymerization and depolymerization within cells. These include proteins which sever or cap actin filaments, nucleate polymerization, cross-link and stabilise F-actin (reviewed in [3] [4] [5] . Others bind G-actin, maintaining up to 50% of cytoplasmic actin as monomers [8] and can respond to extracellular signals by releasing the G-actin which then polymerizes [11] . Cytoskeletal actin may localize some metabolic pathways within the cell (reviewed in [12] ). In addition to roles in non-muscle cell motility and contractile processes, such as cell division (reviewed in [9, 10] ), actin is a major component of myofibrils. In myofibrils, F-actin is assembled into the thin filaments which interact withthe myosin heads of the thick filaments to produce contraction (for reviews see [13, 14] ).
Molecular genetic techniques can be used to study the relationships between a protein's functions and its amino acid sequence by examining the effects of sequence variation. Gene cloning and sequencing and, more recently, the polymerase chain reaction (PCR) have accelerated the accumulation of new actin sequences in. the databases. These naturally occurring isoforms can be used to assess the significance of amino acid sequence variation for functional differences between actins. Information on the importance of specific amino acids in actin can also be obtained from induced 'man-made' mutations recovered from genetic studies. Actin mutations have been described in the yeast Saccharomyces cerevisiae [15, 16] , the fruitfly Drosophila melanogaster [17] [18] [19] [20] [21] [22] , the nematode Caenorhabditis elegans [23, 24] and cultured human cells [25, 26] . Mutations made in cloned actin genes have been studied after expression either by transcription and translation in vitro [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] or in vivo following transformation of suitable organisms such as S. cerevisiae [37] [38] [39] [40] [41] [42] [43] , Dictyostelium discoideum [44] , D. melanogaster [20, 33, [45] [46] [47] [48] [49] , or cultured cell lines [25, 26, 28, 50] .
A most significant development has been the determination of the atomic structure of actin from crystals of an actin-DNase I complex [51; reviewed in 1, 2] . Atomic structures of complexes with the G-actin binding protein, profilin [52] , the muscle protein, myosin [53] and gelsolin fragment-1 [54] will soon provide information on these physiologically important actin-ligand interactions. Most existing mutants were made without the benefit of the atomic structure of actin. It is therefore timely to consider the effects of actin mutants with reference to this atomic structure.
COMPARISON OF NATURALLY OCCURRING ACTINS Conservation of actin sequences
Comparison of protein sequences can identify conserved regions and reveal evolutionary relationships. Sequence conservation implies evolutionary constraint, often identifying regions of functional importance. Actin sequences have been reviewed [55, 56] and are much more conserved than other proteins, such as globins, found in the same species [56] .
In an alignment of the 81 unique actin protein sequences taken from the recent OWL database version 15.1 [57] , 17 Drummond, unpublished work) . For most positions the amino acids are identical in the majority of actin sequences and at least 95 % of actins have the same amino acid at 62.9 % of positions. The most divergent sequences (44.9 %) are those from the protozoan Euplotes crasus and carrot actin 2. Skeletal muscle a-actins in human, mouse, rat, rabbit and chicken are identical, as are the cytoplasmic /8-actins in human, mouse, rat, cow and chicken.
The high conservation of actin sequences means that, unlike other proteins, one cannot identify important sites as isolated regions with the most conserved sequences. Rather it suggests constraints throughout the actin structure. Thus regions of sequence variation may identify sequences where the constraints are reduced or which are important for isoform-specific functions.
Actin phylogenetic trees ([55,56,58,59] ; Figure 1 ) produce relatively few groupings which can be considered significant [56, 59] , a consequence of the high sequence conservation of actins. The major divisions correspond to conventional taxonomic classifications. For example, plants and animals form distinct groups. Figure 1 Actin protein tree A phylogenetic tree of currently available actin protein sequences from the OWL database version 15.1 [57] was produced with the program Clustal V [191] which uses the neighbour-joining method of Saitou and Nei [192] . Actin names are described below. The percentage divergence is marked in italics on the branches. The reproducibility of the tree was determined using 1000 bootstrap replicas. The percentage of replicas containing a given branch is circled next to the branch. Only values greater than 80% are reported. The tree is unrooted but, as is common practice, the root can be placed on the midpoint of the longest branch, which is to Euplotes. Key: skel, skeletal; card, cardiac; smth, smooth; cyt, cytoskeletal. Xenla, Xenopus laevis (African clawed frog); Xentr, X. tropicalis (Western clawed frog); Xenbo, X. borealis (Kenyan clawed frog); S clava, Styela clava; S plicata, Styela plicata (sea squirts); Artemia sp. (brine shrimp); C elegans, Caenorhabditis elegans (nematode); Hydra, Hydra attenuata; Dros, Drosophila melanogaster(fruit fly); Bombyx, Bombyx mori(silk worm); Aplysia, Aplysia californica (California sea hare); Arabidopsis, Arabidopsis thaliana (mouse-ear cress); Pisaster, Pisaster ochraceus (sea star); Amoeba, Acanthamoeba castellanii (amoeba); E histolyt, Entamoeba histolytica; Strpu, Strongylocentrotus purpuratus (purple sea urchin); Strfn, S. franciscanus (sea urchin); Taenia, Taenia solium; Dicty, Dictyostelium discoideum (slime mould); Physarum, Physarum polycephalum (slime mould); S pombe, Schizosaccharomyces pombe (fission yeast); S cerevisiae, Saccharomyces cerevisiae (baker's yeast) and S. carlsbergensis (lager beer yeast); Absidia, Absidia glauca (zygomycete); Aspergillus, Aspergillus nidulans; Thermomyces, Thermomyces lanuginosa (Humicola lanuginosa); K lactis, Kluyveromyces lactis (yeast); Phyin, Phytophthora infestans (potato late blight fungus); Phyme, P. megasperma (potato pink rot fungus); Candida, Candida albicans (yeast); soybean, Glycine max; P falcip, Plasmodium falciparum; Tetth, Tetrahymena thermophila; Tetpy, T. pyriformis; T brucei, Trypanosoma brucei; Oxytricha, Oxytricha nova; Euplotes, Euplotes crassus. Details of sequences and references obtained from the OWL database [57] will be provided on request (see footnote). Actins listed as human are common to the following species; skel: mouse, rat, rabbit and chicken; card: mouse, chicken; smth A: mouse, rat, cow; smth G: mouse, rat; cyt G: mouse, rat, cow; cyt B: mouse, rat, cow, chicken.
Most species have several actin genes [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] with the largest numbers occurring in plants [68, 69] . These multigene families encode different isoforms but in Physarum polycephalum [60] , the protozoan Taenia solium [80] and Caenorhabditis elegans [71] multiple actin genes encode the same amino acid sequence. A number of lower eukaryotes, e.g. Aspergillus nidulans [72] , Saccharomyces cerevisiae [73] [74] [75] , and the protozoan Tetrahymena thermophila [76] have only a single actin gene, though some also contain genes for 'actin-like' proteins (see below); In metazoans actin multigene families have been maintained throughout evolution with a relatively low rate of change compared to many other proteins. Frequently members of actin gene families are more conserved between than within species. For example, rice actin 1 is more similar to Arabidopsis actin than any other rice actin [77] . The two carrot actins (dicot) are closer to maize (monocot) than to soybean (dicot) [78] , suggesting that the formation of different actin gene families predated the divergence of monocots and dicots [55, 56] . Especially when actins from different species are more similar than within a multigene family the possibility of isoform-specific functional differences must be considered.
Muscle actins from several chordate species form a group distinct from their cytoplasmic actins, suggesting that the emergence ofseparate muscle and cytoplasmic actins predated chordate speciation [58] . Indeed, vertebrate cytoplasmic actins are more similar to arthropod actins than to vertebrate muscle actins [55] , indicating a very ancient common origin for actin genes [59] . Within arthropods, Drosophila melanogaster (Diptera) and Bombyx mori (Lepidoptera) muscle actins form a group distinct from their cytoplasmic actins [59] . Artemia (crustacean) actins divide between these two groups and it will be interesting to determine if these actins are muscle or cytoplasmic specific. Conserved amino acids that define different groups have been proposed for vertebrates [58] , insect muscle [59] and plants [79] . The functional significance of these amino acids remains to be tested.
Intriguingly, the amino acids at which mammalian skeletal muscle actins differ from fi-and y-actins occur in threedimensional clusters in the atomic structure [2] . The largest cluster, involving amino acids 1-6, 103, 129, 357 [2] . Of the nine amino acid substitutions which define the insect muscle group of actins, only four occur at positions included in those which define the mammalian skeletal muscle actins [59] and only is conserved in both groups. The insect muscle-specific substitutions do not cluster in the actin structure.
Although most actins are highly conserved in sequence and length (374-376 amino acids), proteins with more divergent sequences, known collectively as 'actin-like' proteins, have been identified recently in several species [80] [81] [82] [83] . In addition to its single actin gene, ACT], Saccharomyces cerevisiae contains the ACT2 gene which encodes a protein of 391 amino acids that is 53.6% divergent from ACT] actin [80] ; Schizosaccharomyces pombe has an ACT2 protein (427 amino acids) which is 52.6 % diverged from its ACT] actin [81] . The two ACT2 proteins are 64.8 % diverged from each other. Genetic experiments show that ACT] cannot substitute for ACT2, or vice versa, arguing that both genes are essential for cell viability and have different functions [73, 80, 81] . Two identical actin-like sequences, with an identity of about 55 % compared to standard actins, but only 40 % identity to the ACT2 genes of S. cerevisiae and S. pombe, have been isolated and studied in man [82] and dog [83] . These sequences, named respectively actin-RPV (related protein vertebrate) and centractin, are associated with microtubule based cellular motor systems. Actin-RPV is a component of the dynactin complex [82] and centractin is associated with the centrosomes [83] . Actin-like proteins have also been reported in Aspergillus, Physarum, Caenorhabditis and the prokaryotic cynanobacter Spirulina platensis [80] . Actin-like proteins are probably ubiquitous and the evidence so far indicates that they have different functions from standard actins.
In proteins with a conserved core of residues, the structure of one protein is usually a reasonable model of the main structural features of other members of the group [84, 85] . Superimposition of the actin-RPV/centractin sequence onto the rabbit actin structure shows that regions corresponding to the actin core are more conserved [83] ; similarly, the increased length of the two ACT2 proteins derives from insertions in positions corresponding to surface loops in the rabbit actin structure [51, 80, 81] [31, 95] and polymerization characteristics [32, [96] [97] [98] [99] . Actins from different species also differ in their affinity for profilin [100, 101] , DNase I [102] [103] [104] , a-actinin and tropomyosin [104] .
In binding assays of non-muscle actins [96, [106] [107] [108] or rabbit muscle actin isoforms [91, [109] [110] [111] with various rabbit muscle myosins, significant differences in affinities were found. The higher affinity of skeletal muscle actin compared to gizzard actin for both gizzard and enteric myosins suggests that the higher affinity is an intrinsic property of the actin, rather than the myosin [112] . In all cases the Vmax for the actin-activated myosin ATPase was the same. Only in comparisons of actin and myosin from scallop and rabbit skeletal muscle was a difference in Vmax found: homologous systems gave higher Vmax values, but no difference in the affinity of each actin for either myosin [113] . Since such comparisons are often conducted in non-physiological conditions and any differences can often be eliminated by varying pH or ionic strength [111] , it is unclear if any of these in vitro differences are relevant to the situation in vivo [111] . Furthermore, proteins which interact with actin will have coevolved [86, 113] . [114] . There is a corresponding increase in expression of the a-skeletal muscle actin gene. Despite containing predominantly the skeletal muscle actin isoform the heart functions normally, suggesting that the two isoforms are functionally equivalent. However, isoform substitution was incomplete and the low levels of cardiac actin may have been sufficient for any isoform-specific functions. Isoform substitution can be achieved by genetic transformation with cloned genes. Although no difference was found in the incorporation ofcardiac and cytoplasmic actin isoforms into the cytoskeleton of cultured non-muscle cells [115] , transformation of adult rat cardioeffects on both their incorporation into the myofibrils and cell morphology [116] . In Drosophila melanogaster, of nine mutations encoding single amino acid substitutions in the Act88Factin gene corresponding to isoform-specific amino acid differences, only two of the mutations altered muscle structure [117] . However, two of three mutant Act88F gene constructs with multiple isoform-specific amino acid changes produced altered muscle structure, suggesting that as more changes are made, actins become functionally nonequivalent. Undoubtedly substitution of a complete actin isoform is desirable since it will contain multiple actin amino acid changes, which have co-evolved. Despite only 90% similarity the chicken 8-actin is able to substitute for the yeast ACT1 actin without loss of viability, although the cells exhibited an altered morphology, slower growth and temperature-sensitive lethality [118] .
Functional isoform differences between some members of actin gene families offers a partial explanation for the evolution of actin multigene families. Although comparisons of isoform sequences and functions are a valuable source of information about actin, we need to look further than the study of naturally occurring actins to unravel the role of individual amino acids in actin function.
Actin processing
Actins are post-translationally modified. Most actins have a methylation of His-73 and modification of the N-terminus by removal of one or two residues followed by acetylation of the new N-terminus [3] . Actins are unusual in the type of amino acids which occur at the N-terminus [119] and the processing enzyme is specific for actin [34] .
Methylation of His-73 occurs in all actins examined, except for that from Naegleria gruberi, whose actin binds DNase I less well than other actins and has a lower affinity compared to rabbit actin for scallop myosin S1 fragment but the same Vmax for the actin-activated myosin ATPase activity [120] . His-73 is not close to the DNase I-binding loop [51] , though both are in subdomain 2 (see Figures 2 and 3d ). It is therefore unclear if these differences are due to a lack of methylation or to other amino acid differences in Naegleria actin. Substitution of His-73 with Arg or Tyr in human skeletal muscle actin expressed in vitro had no effect on the ability of the actins to co-polymerize or bind DNase I [28] . However, it is uncertain whether wild-type actin expressed in vitro and used as a control was methylated [32, 121] . The same mutant actins, transformed into simian COS-1 cells, had no effect on cell growth [28] . No effects of His-73 methylation on actin functions are known.
Inhibition of N-terminal processing in vitro can alter actin polymerization [32] . However, yeast cells normally lack part of the N-terminal processing activity [38] and completely blocking all N-terminal processing does not affect the stability of actins expressed in yeast [38] . Non-yeast actins expressed in yeast are not fully processed yet polymerize in vitro [38, 39] . Actin from A. castellani is also unprocessed at its N-terminus in vivo [122] . Indeed, although it is frequently inferred from sequence data that all actins can be N-terminally processed, this has been confirmed experimentally to occur in vivo in only a few cases.
The Drosophila flight muscle-specific Act88F actin undergoes two further modifications. First, the mod' gene, which is not an actin gene, encodes a modifier which alters the charge of the actin [45] yet mod-ffies, which lack this modification, are fully flighted and have a wild-type wingbeat frequency [32] . Second, a proportion of the Act88F actin forms a stable 1:1 conjugate with ubiquitin, called arthrin [123] . The roles of these actin modificmyocytes with different actin isoforms showed isoform-specific ations are unknown. In general, despite some small changes detected in vitro, no clear functions have emerged for posttranslational processing.
ARTIFICIALLY INDUCED ACTIN MUTANTS
Mutants obtained by selection for flightlessness or uncoordinated movement have led to the recovery of actin mutants in Drosophila melanogaster [17] [18] [19] [20] [21] [22] and Caenorhabditis elegans [23, 24] . Serendipitous actin mutants have also been recovered in a melanoma [124] and transformed tissue culture cells [125] . However, these are inefficient ways to recover new actin mutants. First, mutants of other proteins often produce the same or similar phenotype. Second, severe actin mutations are often lethal, limiting selection of actin mutants to systems where the requirement for a specific isoform is not vital, or where conditional mutations, such as temperature-sensitive alleles, can be obtained. Finally, many cells and organisms express multiple actins so recovery ofmutants may be difficult.
Protein engineering approaches remove many of these problems and, by in vitro mutagenesis of cloned actin genes, permit any amino acid substitution to be made at any point in actin. The only limits are our ability to formulate specific questions about actin at the level of individual amino acids. After mutagenesis the actin must be expressed. This has not been easy, in part because all eukaryotic cells contain actin leading to problems ofseparating mutant from endogenous actins. Only recently has the expression and purification of mutant actins in sufficient quantities for in vitro studies been achieved (see below).
An advantage of expression for in vivo analysis is that the mutant actin is in a normal environment where its ability to assemble into cellular structures and interact with a whole range of actin-binding proteins may be tested. However, it may be difficult to pinpoint which actin interactions are affected. For such studies it is useful if the mutant actin gene is the only one expressed since the expression of other actin isoforms may mask the effects of the mutation.
In the following section we describe the systems used for expression and study of actin mutants in vivo. Each has advantages and disadvantages but together they provide a wide choice for investigating different aspects of actin structure and function.
Drosophila melanogaster
The fruitfly genome contains six actin genes; two encode cytoplasmic actins and the remaining four are muscle-specific [62] . Mutations have been recovered only in the Act88F actin gene which is expressed specifically in the indirect flight muscles [62, 126] and encodes all the muscle actin found in these tissues [see 123, 127 for review]. Act88Fmutations affect ffight ability but not the viability of the ffies, so the Act88F gene provides a unique system for studying the effects of actin mutations on muscle assembly and function.
Apart from Act88F mutants recovered as ffightless ffies following whole fly mutagenesis, others have been made by in vitro mutagenesis and inserted into the fly genome by P-element transformation [20, 33, [45] [46] [47] [48] [49] . In flies, the effects of the mutations can be analysed by flight testing, by microscopy of the ffight muscles and by mechanical testing of muscle fibres [47, 128] . Partially purified Act88F mutant actins have been used in biochemical studies [129] .
Most Act88Fmutations show a dominant flightless phenotype. This can be explained by a requirement for two wild-type gene copies for ffight. However, there are many examples where this gene and two wild-type copies may still be flight defective and show aberrations of the myofibrillar filament lattice [20-22, 33,48] . This is a common feature of actin mutants in other organisms as well as Drosophila, and is known as 'antimorphism' or 'dominant negative complementation'. The usual explanation is that the mutant monomers interfere or 'poison' assembly of wild-type monomers into F-actin by retaining some capacity to bind wild-type monomers. Antimorphism thus indicates that the actin mutation has not destroyed all actin binding sites. The importance of actin polymerization for biological function undoubtedly explains the frequent antimorphism of actin mutants (Table 1) in flies and other systems. The incorporation of perhaps only one mutant monomer may be sufficient to 'cap' and prevent growth of an actin filament even in the presence of a large excess of wild-type monomers. The ease of genetically manipulating the gene copy number in organisms such as yeast and Drosophila means that antimorphic effects can be identified and studied, providing valuable information on mutant actin function in vivo.
Heat-shock proteins, a ubiquitous cellular response to stress and damage to proteins [130, 131] are induced constitutively in Drosophila by certain Act88F mutants [19, 20, 33, 126] . Actin is one of very few proteins for which heat-shock-protein-inducing mutants have been found [132] . Intriguingly, actin has some structural similarity with hsc70 (heat-shock cognate 7OkDa protein) [133, 134] .
Caenorhabditis elegans
This nematode has been extensively used for molecular genetic studies of muscle development and function. Many muscle protein genes were identified by mutations with phenotypic effects of paralysis, twitching or uncoordinated movements [24, 135] . The genome contains four actin genes but only regulatory mutants of these genes have been characterized to date [71] . The actin genes have been cloned and with a gene transformation system [136] C. elegans may provide another model system for the in vivo study of actin mutations.
Dictyostelium discoideum
The genetics of myosin and other cytoskeletal proteins is well developed in this slime mould [137] [138] [139] [140] [141] . No actin mutants have been recovered by selecting for abnormal phenotypes, probably because the genome contains at least 17 actin genes [67] . This system has been used to express and purify large quantities of actin following in vitro mutagenesis of the Dictyostelium ActiS gene [44] . Charge changes were introduced into the Act15 gene by site-directed mutagenesis to facilitate separation of the mutant from the endogenous actins.
Saccharomyces cerevisiae
The yeast S. cerevisiae provides a powerful system for the study of actin mutants and cell biology. Many mutations of the single actin gene, ACT], are now known (see Table 1 ), although none were recovered by their phenotypic effects. ACT] mutants made by in vitro mutagenesis are easily transformed into the yeast genome and the phenomenon of homologous recombination can be used to disrupt the endogenous wild-type ACT] copy while inserting the mutant gene copy into the yeast genome [15, 73, 142] . This requires that the mutant alleles permit cell survival.
Mutant actins can be obtained from S. cerevisiae in sufficient quantities for biochemical studies either by replacing the wildtype ACT] copy [38, 40] or using yeast expression vectors to express heterologous actins e.g chicken 8-actin [37, 39] Table 1 Actin mutants   Table 1 summarizes current actin mutants residue-by-residue from the N-to C-termini. The actin gene in which each mutation occurs, the system used to express it and any mutant effects are given. The mutants are named using the one letter code with the original amino acid first, its number, then the new amino acid; 'Term' denotes a translation stop codon; in vitro, expression in rabbit reticulocyte lysate; ACT1, yeast actin gene; Act88F, Drosophila flight-muscle specific gene; Actl5, an actin gene from Dictyostelium, Hs a and Hs /3, human a-skeletal and /3-actin genes; and Ch /3, chicken /3-actin gene; pure, actin was purified after expression; NDG, mobility on non-denaturing gels; thermodynamic stability, as determined on urea gradient gels; =, as well as wild-type actin; >, better than wild-type actin; <, less than wild-type actin; (+), normal; (-), abnormal; structure, muscle appearance by light or electron microscopy; V,.., for myosin ATPase; Km, for the binding of actin to myosin; ATPase, myosin ATPase; motility, velocity in the in vitro motility assay; mechanics, mechanical response of dissected myofibrils; DNase (DNase 1), ATP, Si (Si fragment of myosin), profilin or tropomyosin, binding to each ligand relative to wild-type actin; F-actin, production of actin filaments; processing, N-terminal processing; heat, cold sensitive, yeast's inability to grow at high or low temperatures; antimorphic, mutant actin preventing wild-type actin from functioning normally in vivo; hypomorphic, produces normal actin but at a reduced level; hsp, induces heat-shock protein synthesis; AD.P-ribosylation, actin is a substrate for Clostridium toxin ADP-ribosylating activity. Flightless; (-) structure (+ ) Structure = Polymerization; = S; < DNase; < NDG; < processing < Polymerization; =S1; < DNase; < NDG; < processing [147] . This may solve the problems of expressing native actin in E. coli for biochemical studies and allow suitable mutants to be used to study actin folding.
Expression in vitro
The expression of actin mutants from cloned and mutagenized DNA by in vitro transcription and translation in rabbit reticulocyte lysate has been used to produce small quantities of radioactive actin. Although it may not be fully processed [32, 121] , such actin behaves the same as the product of the same gene expressed in vivo [32] . Mutant actins have been expressed from the genes for human a-skeletal muscle actin [28] [29] [30] , rat brain cytoplasmic actin [27] and Drosophila Act88F [31] [32] [33] 35, 36, 148] and used in co-polymerization and protein binding studies. Although the costs are prohibitive for making large amounts of actin this way, expression is quickly and easily achieved and binding assays can be used to screen rapidly large numbers of mutations and pinpoint those of interest for more detailed study. Table 1 summarizes the mutants residue-by-residue from the Nto C-termini, listing their effects in vivo and in vitro. We will consider actin functions in turn, describing the effects of mutants with reference to the actin structure where possible. Some mutants inevitably affect more than one function and will be found under more than one heading.
ACTIN MUTANTS
The atomic structure of actin [1, 51] is an essential framework for interpreting mutant effects and is shown in Figures 2 and   3(a)-3(j) . By comparing this structure with the extensive biochemical data from studies of actin by chemical modification, chemical crosslinking, spectroscopy etc. and electron microscope reconstructions of F-actin, F-actin-tropomyosin and filaments decorated with the myosin S1 fragment [149] , potential binding sites can now be identified with some certainty [1, 2, 51] .
Actin has four structural subdomains [51] (Figures 2, 3a Figure 3c and top left in Figure 3d ) contains several non-polar residues which form a hydrophobic contact with DNase I [51] . Long 'stripes' of nonpolar residues in the middle of the front of the molecule suggest possible contact sites with other proteins (Figure 3c ). There are also regions of stacked negative and positive charges visible on both the front and back surfaces. The N-and C-termini in subdomain 1 contain a cluster of negative charge (bottom right in Figure 3c and bottom left in Figure 3d ). Methylhistidine-73 is located between two acidic groups and close to the conserved residue at Arg-177 (Figure 3d ). The ATP is almost completely buried in the cleft between the so-called large and small domains, with only the purine ring visible (Figure 3c ). Since there is ATP/ADP exchange some conformational changes must occur. Any opening of the cleft would involve breaking the salt bridge between Arg-62 and Glu-207 which links subdomains 2 and 4 ( Figure 3c ). Actin is a disc-like molecule and the side views present a very small aspect (Figure 3e ).
STUDIES IN VITRO Polymerization
In F-actin there are actin-actin contacts between the four structural subdomains [1, 2, 150] and it is not surprising to find extensive parts ofthe monomer surface involved in these contacts. From the model of F-actin [1, 150] Phe-375. In the light of this it may seem surprising that actins from different species co-polymerize. However, this alignment is based on a large number of actins from a much broader range of species than have been used for co-polymerization studies. From their phenotypic effects in vivo it has been proposed that the alanine substitutions at residues 37, 39, 61, 62, 205, 244, 286 and 288 in the yeast ACT] gene affect the actin-actin contact surfaces [41, 42] although these are not all within the contact sites proposed by modelling F-actin.
Two different actins containing the same G245D mutation both had reduced ability to polymerize [26, 151] as did the G245K mutation [151] . Gly-245 is involved in actin-actin contacts [1, 151] so the deleterious effects of these substitutions on polymerization are not unexpected.
Mutant actins, expressed in vitro, can be tested for copolymerization with non-mutant carrier actin, added to achieve the critical concentration for polymerization. Although the interpretation of these experiments has been questioned [36] , a number of mutants are able to co-polymerize as well as wild-type actin expressed in vitro [28, 29, 33, 36] (Table 1) . None of these mutants were in actin-actin contact sites.
Although there is no evidence of the N-terminus forming actin contacts in F-actin [53, 150, [152] [153] [154] , complete N-terminal processing appears essential for normal polymerization [32] . Replacement of Asp-i 1 by non-acidic amino acids in a human askeletal muscle actin expressed in vitro prevented N-terminal processing, but in only one case did the actin have reduced ability to polymerize [29] . The lack of any polymerization effects of mutants at Asp-Il is surprising given their effect on protein conformation [155] and the involvement of this amino acid with of N-terminal processing in polymerization might arize from the use of heterologous or homologous actins for the copolymerizations in the different studies [32] . Since there is no biochemical evidence for a direct role of the N-terminus in polymerization, these effects probably arise from a conformational change which affects a distant actin-actin contact site.
Motility in vitro and myosin binding
The ability of mutant actins to function as part of the actomyosin motor have been studied by mechanics experiments on demembranated muscle fibres of Drosophila mutants [47] , the use of in vitro motility assays [39] [40] [41] [42] [43] [44] 151, 156] and assays of the actinactivated Mg-ATPase of myosin or myosin fragments [129, 151, 156, 44] . The in vitro motility assays use purified actin and myosin which can be obtained from both muscle and nonmuscle systems. By fixing one protein, usually myosin or myosin fragments, to a surface and adding F-actin stabilized with phalloidin and made fluorescent with a rhodamine label the velocity of the filaments can be measured, which is believed to correspond to the Vmax of myosin ATPase [157] .
Electron microscopic reconstruction of SI-decorated actin [149] , the G-and F-actin structures [51, 150] and biochemical data from many laboratories have been used to locate the myosin binding site, or at least that of the rigor state, on the outer face of subdomain 1 (Figures 2 and 3) [1,2] . The imminent publication of the atomic structure of the myosin SI fragment means that modelling of actin and myosin SI structures to the constraints of the electron microscopic reconstructions of SI-actin is now possible and the details of their interaction should soon be known.
Subdomain 1 is formed by residues 1-32, 70-144 and 338-372. While actin with the first 47 amino acids cleaved from the Nterminus is still able to bind myosin and activate its ATPase activity [154] albeit with reduced in vitro motility [153] , the Nterminal peptide alone (amino acids 1-47) can also activate myosin ATPase [158, 159] . The N-terminus forms contacts with myosin heavy chain [160, 161] in the presence of nucleotide [161] . The proposed binding site includes the positions of known myosin-binding residues (in rabbit skeletal muscle) of Asp-i, Glu-2, Asp-3, Glu-4, Asp-24, Asp-25, Arg-28, Glu-93, Arg-95 and Lys-336. The hydrophobic surface of the a-helix 338-348 is probably a major contact site but due to the chemical nature of the residues these interactions would be refractory to most crosslinking chemicals. Crosslinking [162] and n.m.r. [163] studies implicate the 360-364 region in the binding of the Al light chain from the vertebrate skeletal myosin. Actin mutants have been used to examine the importance of acidic groups at the Nterminus in myosin binding, a particularly variable region in different actin isoforms. Removal of acidic residues at positions within the first four amino acids reduced myosin SI binding, myosin ATPase activation and in vitro motility [39, 40, 44, 193] . Interestingly, substitutions with histidine at E360/E361 and D363/E364 resulted in wild-type motility suggesting the presence of acidic groups at the C-terminus is not necessary for motility [193] . This is surprising given the close proximity of the N-terminus.
Substitution of Gly-245 with aspartic acid in chicken ,-actin gave an actin which bound S1 (decoration of F-actin filaments) but had a slower velocity in the motility assay and reduced affinity for myosin [151] . Replacement with lysine resulted in an actin with normal SI binding and in vitro motility [151] . There is no evidence from biochemical studies of myosin-binding sites in this region, suggesting that the mutations cause long-range metal binding (see below). The contradictory evidence for a role conformational effects on the whole actin molecule.
G-actin binding proteins
DNase I and profilin are members of a large group of proteins which bind to G-actin and prevent it from polymerizing [3] .
DNase I All actins tested bind DNase I with the exceptions of those from Entamoeba histolytica [102] and Tetrahymena thermophila [104] . From the atomic structure of the actin-DNase I complex the contacts between the proteins are well established [1, 51] . Amino acids Thr-203 and Glu-207 (subdomain 4) form the minor contact site; amino acids 39-46 and 61-64 (subdomain 2) the major contact site. The E. histolytica and T. thermophila actins contain Thr-203 and Glu-207, but substitutions in amino acids 39-46 in these actins may explain the absence of DNase I binding. Although the DNase I binding of many actin mutants has been tested [28, 29, 35, 39] , only replacements at DlI [29] , G36E/E83D/G245D [25] , D363 and E364 [35] reduced DNase I binding. Since the positions of the mutant amino acids do not coincide with the contact sites the effects are probably due to conformational changes [29] . Actin with residues 1-15 deleted had normal DNase I binding [35] and the different results obtained with this and the DlI mutants suggest that distortion caused by non-aspartate residues at position II is more disruptive than removal of the first 15 amino acids. The triple mutant G36E/E83D/G245D may have a direct effect since amino acid 36 is particularly close to the DNase I binding site. However, it is unknown if the G36E mutation alone is sufficient to reduce binding and given the disruptive effects of Gly-245 mutations, reduced DNase I binding may not be surprising.
Profilin
Biochemical crosslinking studies have shown that profilin binds to the C-terminal region of actin in subdomain 1 [164] . Deletion of amino acids 1-12 of actin increased profilin binding [35] and this could be due to a direct effect on the profilin binding site at the C-terminus given the close proximity of the N-and C-termini [51] . Changes at positions 176, 177 and 316-372 increased profilin binding whilst others at position 362 had decreased affinity for profilin [35] . The mutations between 362 and 372 are in, or close to, the profilin binding site [164] The relative contribution of each contact to the binding of ATP can only be determined experimentally. Only one study has mutated amino acids directly involved in ATP and metal ion binding [29] . Although ATP binding was not measured directly, replacement of Asp-Il by non-acidic groups caused a conformational change in the actin. Since Asp-Il binds to the metal ion [51] (Figure 3f ) which complexes with the ATP and is required for actin stability, the effects of Asp-Il mutants may be explained by reduced metal-ion binding.
Another study has looked directly at the ability of mutants to bind ATP [35] . Although none of the substitutions were in ATP contact sites [51] , several mutants had reduced ATP binding and intriguingly one had increased binding. This suggests that these mutants affect ATP binding via a change in actin structure and indeed, all mutants with reduced ATP binding also had altered conformations [31, 33, 35] . Of five substitutions at position Tyr-362, only replacement by Phe had normal conformation and ATP binding suggesting that an aromatic group is required at this position. The flat aromatic ring of Tyr-362 is stacked against the ring of Phe-124 ( Figure 3g ) and this might explain the inability of other amino acids to substitute at these positions.
ADP-ribosylation
Actin is a substrate for various ADP-ribosylating toxins from Clostridium strains [169] [170] [171] . Once modified, the actin is prevented from polymerizing [169, 172] and G-actin ATPase activity is blocked [173] . Protein chemistry identified Arg-177 as the site of ADP-ribosylation [174, 175] . Toxins from Clostridium botulinum and Clostridium perfringens differ in their substrate specificity (see [176] ) and it has been proposed that Leu-176 [175] or the N-terminus [177] might be responsible for this specificity.
Wild-type Drosophila Act88F actin can be ribosylated in vitro, whilst mutant R177Q actin is not, confirming Arg-177 as the site of modification [148] . Mutant L176M actin was modified by all toxins, indicating that this residue does not define substrate specificity. An actin in which the first 12 amino acids were deleted was not ribosylated by any toxin, implying that this region may be important for recognition by the toxins.
STUDIES IN VIVO Cell biology
Actin mutants will be essential in elucidating the roles of actin and actin-binding proteins in all aspects of cell biology. The involvement of actin in a great variety of structures and functions explains the variety of phenotypic effects within a single cell type and between different cell types.
Mutants of the yeast ACT] gene produce a number of phenotypes. Many are lethal, temperature-sensitive for growth or spore production [15, 38, 41, 42, 142, 178, 179] . Dominant lethal mutations have been detected [42] and must be antimorphic. Some temperature-sensitive mutants show, at non-permissive temperatures, an aberrant distribution of actin filaments which causes a uniform deposition of chitin at the cell surface rather than at the bud sites, accumulation of secretory vesicles and cell enlargement [16] . Such effects have shown that actin is involved in vectorial protein transport and bud formation. In addition ACT] mutants may also show osmosensitivity [16] .
Deletion of residues 269-272 in ACT] had no effect on yeast growth [179] despite a proposal that they form a surface loop which stabilizes an adjacent a-helix [51] . The atomic structure of this region is shown in Figures 2 and 3(i) . Deletion of the Cterminus (Lys-Cys-Phe-COOH) is lethal to yeast while removal of Phe-375 or Cys-374/Phe-375 produces a temperature-sensitive phenotype [142] , indicating the importance of the C-terminus. These residues are not represented in the actin structure [51] .
The interpretation of the cellular effects of mutant actins depends on biochemical data. In yeast, since actins can be readily purified in the quantities necessary for biophysical and biochemical assays such information should be easily obtained. For instance, proposals that many of the mutations made by alanine scanning [41, 42] are in residues close to putative actin-actin contacts (see above) [1] should be easily testable.
Actin mutants are responsible for a melanoma phenotype in mice [124] and the tumorigenic potential ofan in vitro transformed human fibroblast line [25, 26, 50] . The mutant ,J-actin, G245D, responsible for the transformation of human fibroblasts, was stable and caused alterations in cell shape, motility and distribution of cytoskeletal actin [180, 181] . These effects are probably due to the decreased polymerization ability of the mutant actin [25] . Transformation of cells with the triple mutant G36E/E83D/G245D did not affect cell morphology, perhaps because the actin was less readily incorporated into cell structures than wild-type actin [25] . While actin mutations are uncommon in neoplasia, effects on actin expression and the cytoskeleton are usual following tumorigenic transformation [182] [183] [184] .
One actin double mutant could be useful in the study of the action of cytochalasin, a fungal toxin which is known to inhibit actin polymerization in normal cells. Cells containing V139M/A295D actin are resistant to cytochalasin [185] . The substituted amino acids are neither adjacent nor are they in known actin-actin contact sites. Mutants such as V139M/A295D may also be useful in studying the processes of actin polymerization and depolymerization.
Muscle assembly Although many actin mutants appear to have normal functions when expressed in vitro or in vivo in yeast, this is rarely the case when they are expressed in muscle. In Drosophila all mutants of the Act88F gene recovered by their flightless phenotype result in complete absence of muscle or disrupted structure [22, 46, 117] (Table 1 ). This might be accounted for if selection for flightless mutants enriches for actin mutations with a strong phenotypic effect. However, most mutants derived by in vitro mutagenesis have similar effects, though a minority affect myogenesis only slightly, especially when the single amino acid substitutions correspond to Drosophila actin isoform differences [33, 46, 47, 117] .
Since the Act88F actin gene is expressed specifically in the indirect flight muscles [62, 126] , encodes all the muscle actin found in these muscles [123] and a lack of function does not affect fly viability, its mutations have proved especially useful for studies of myofibril assembly. Act88F mutants can be divided into at least five phenotypic groups [186] . There are null mutants which produce no actin, mutants with low actin accumulation, mutants which accumulate actin but form no myofibrils, mutants producing myofibrils with no Z-discs and those giving normal or near normal myofibrillar structure. It is difficult to identify the precise effects of these mutants on actin structure and function due to the complex situation in vivo and, until recently, the difficulty in obtaining sufficient actin for biochemical studies. One study has investigated the effects observed in vivo using in vitro methods. A range of actin mutants, with different in vivo effects, all showed the same ability to polymerize [33] or bind to Drosophila myofibrils in vitro [36] as wild-type: the differences seen in vivo were not reproduced in vitro, though doubts have been expressed about what was actually being measured in these experiments [36] . However, electron microscopy (M. Stark and J. C. Sparrow, unpublished work) has shown that all the mutants used [33] make thin filaments in vivo although to very different degrees. Experiments in vitro may reflect the situation in vivo, but may not be sensitive enough to detect subtle, biologically significant differences between mutant actins. F-actin forms the core of thin filaments and actin mutants which do not form myofibrils will frequently affect actin polymerization. However, the interaction ofactin with other proteins, such as the tropomyosins and troponins, must be important for thin filament assembly. Tropomyosin has been implicated in stabilizing F-actin in vivo [187, 188] . The myofibrils of the Act88F mutant E93K have thin filaments but no Z-discs and it has been proposed that this mutant may reduce binding of a Z-disc protein, perhaps ac-actinin [22] . Biochemical data [189] suggests there is an a-actinin binding site close to amino acid 93 in rabbit actin which may include residues 112-125 [190] .
Some Act88Fmutants show both a strong heat shock response and a strong antimorphic effect on muscle structure or function [17, 18, 20, 21, 33, 49, 126] but this is not always the case [19, 49] . The common features of heat shock-inducing actin mutants are reduced ATP binding [35] and the presence of multiple conformers on non-denaturing gels [29] , which suggests that the binding of heat shock proteins to the mutant actins [33] in vivo is a response to localized changes in conformation. This effect may be quite specific since most strong heat shock-inducing mutations found so far cluster around amino acids 364-366. Indeed, thermodynamic stability of mutant actins, measured by denaturation with urea in vitro [31] , does not correlate with muscle structure, antimorphism or heat shock induction.
Muscle function
The development oftechniques with which to perform mechanical experiments on isolated, demembranated fibres from the indirect flight muscles of Drosophila [47, 128] made it possible to study the effects of actin mutants on muscle contraction, providing alternative information to that increasingly available from the in vitro motility assays. However, a prerequisite for such mechanical experiments is Act88F mutants which produce normal, or near normal, muscle structure. To date this criterion has been satisfied by only a small number of mutants. These include the chimaeric actin genes made by replacing Act88F sequences with corresponding regions from other actin genes (E. A. Fyrberg, personal communication) and single amino acid substitutions. The latter include isoform-specific changes [46, 117] and the novel substitutions G368E and E316K [33, 47] .
The G368E and E316K Act88F gene mutations produce normal or near normal muscle structure but alter the kinetics of the crossbridge cycle [47] . Homozygous G368E flies fly poorly with a reduced wingbeat frequency; mechanical experiments on skinned flight muscles [47] show a reduced rate constant for the delayed tension increase, a distinctive feature of this type of muscle. Actin purified from G368E mutant flies had reduced S1 binding [129] which may be explained by the proximity of amino acid 368 to the myosin light chain binding site [162, 163] . The E316K mutant does not fly but mechanical experiments on skinned fibres show an increased rate constant for delayed tension rise [47] . This mutation lies within subdomain 3, precluding a direct effect on myosin binding, but the proximity of the tropomyosin binding site [1, 2] suggests that E316K may have an effect on thin filament activation. The E93K mutation was originally isolated as a dominant ffightless mutation [22] and produces myofibrils containing parallel arrays of thick and thin filaments, which lack Z-discs and any other sarcomeric pattern. Fibre mechanics, electron microscopy and proteolytic protection of the myosin head by actin binding all performed under rigor conditions were used to show that the E93K mutant actin can bind myosin heads in rigor. This was perhaps surprising given the proximity of Glu-93 to the myosin binding site. Unfortunately, the aberrant mutant muscle structure of E93K ffight muscles prevents meaningful mechanical studies.
CONCLUSIONS AND FUTURE PROSPECTS
There is great interest in actin both because of its dynamic involvement in many aspects of cell biology and because of its role as part of a major protein motor system. Our understanding ofmany subcellular processes and muscle contraction will depend upon knowing much more about the relationships between the amino acid sequences of actins, their structure and function. Actin is remarkable for the diversity of its biochemistry. Few other proteins have binding sites for such a large range of proteins in addition to having enzymic activity. Undoubtedly many actin-binding proteins share binding sites and this will have acted to constrain allowable variation, reducing the rate and range of actin evolution.
The current sequence database contains 103 different actin gene sequences, representing 81 different protein sequences [57] . The high sequence similarity should permit the amino acid substitutions to be modelled within the atomic structure. These, together with our increasing certainty about the location of specific binding sites on actin from structural and biochemical studies, will provide useful pointers to the functional significance of variation. For many of these actins only the DNA sequences are known and the biochemical properties of the proteins have not been studied. Functional comparisons between such isoforms related to their three-dimensional homology could provide very useful information and lead to a more detailed analysis in which amino acid changes are made in some of the isoform-specific residues.
A large number of mutations have already been made in actin (Table 1) . What has been learnt overall? Perhaps the most surprising feature for such a highly conserved protein is that it appears remarkably robust. Most mutations, even non-conservative amino acid substitutions, retain actin structure and function. This is important for genetic analysis, since it suggests that despite the high sequence conservation and the well known lability of actin in vitro, it is possible with mutants to explore one part of the molecule without destroying others. Of course, as found in protein engineering studies of other proteins, there are already examples of mutants in one part of the molecule having long-range effects. Such effects are important since they raise questions about the dynamic structure of the molecule which are not apparent from the static picture provided by X-ray crystallography. The fact that actin contains multiple binding sites will permit different parts of a mutant actin to be readily monitored for such long-range conformational changes.
The phenotypic effects of actin mutants are diverse, deriving from the different systems used and the variety of actin functions. However, the highly conserved nature of actin means that mutants with effects in one system are likely to have effects in another. This has been exploited so far for only a small number of mutants. For example, the G245D mutation oncogenically transforms human fibroblasts [26] , disrupts Drosophila indirect flight muscle development and function [48] and affects actin movement in the in vitro motility assay [151] . There is clearly much to be gained from studying both the existing and new mutants in a multiplicity of systems.
Genetic and molecular biological approaches have much to offer in understanding not only actin, but also in analysing the biological processes in which it is involved. It is premature to assess what contributions the genetic studies of actin can make to our understanding of actin function, since only recently have the major advances been made that will permit a directed protein engineering assault on questions relating to actin sequence and function. These advances include the resolution of the atomic structure of G-actin [51] , the modelling of F-actin [150] and the development of systems in which cloned genes mutated by site-directed mutagenesis can be expressed to produce mutant actins in sufficient quantities for biochemical studies. For the first time deductions from the atomic structure and biochemical data can be used to ask testable questions about the role of specific amino acids. Initially this is likely to focus on those interactions for which atomic structures are available. In addition novel assay systems, such as in vitro motility and mechanical experiments on muscle fibres from ffies transformed with actin mutants, are now available with which to study actin's role in movement and contraction. Many of the elements are now in place to take the genetical analysis of actin function into exciting areas of actin biochemistry and cell biology.
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